In accordance with the national Appellation d'Origine Contrôlée and the European Protected Designation of Origin labels, Corsican honeys can be classified into six ranges (spring, spring maquis, honeydew maquis, chestnut grove, summer maquis and autumn maquis). Toward proposing a new and faster method for performing honey quality assessments, an headspace-solid phase microextraction (HS-SPME)/Gas Chromatography (GC)/GC-Mass Spectrometry (MS) method with multivariate data analysis -principal component analysis (PCA), cluster analysis (CA), partial lest square (PLS) -was developed using 269 Corsican samples, for which the volatile compositions were established a priori. Corsican honeydew and blossom honey could be differentiated by the richness of 3-furaldehyde in the category of "honeydew maquis". This approach also allowed identification of chemical markers of the botanical origins of blossom honeys, including 2-aminoacetophenone, p-anisaldehyde, 4-n-propylanisole, isophorone, and isomers of lilac aldehyde. Therefore, characterization of the volatile fraction of Corsican honeys combined with chemometric analysis may be useful for detecting the nectar contribution of plant species in honeys with complex nectariferous origins.
the organoleptic properties of honeys and the melliferous plant resources. In terms of authentication, the development of interdisciplinary approaches (palynological, sensorial, and chemical analysis) is preferable for characterizing botanical and geographical origins.
Work on the volatile composition of honeys started in the early 1960s and to date, approximately 600 compounds belonging to various chemical families have been identified according to their botanical and/or geographical origins. 9, 10 The extraction of volatile components from honeys has usually been performed using headspace-solid phase microextraction (HS-SPME), simultaneous steam distillation-solvent extraction, hydrodistillation or ultrasound-assisted extraction. [9] [10] [11] Most studies have focused on monofloral honeys, and constituents such as methyl anthranilate, methyl syringate and isophorone have been reported as chemical markers of the botanical origins of citrus, asphodel and strawberry tree honeys, respectively. [11] [12] [13] To our knowledge, no study to date has focused on the volatile composition of Metcalfa honeydew honeys, but various chemical markers of others honeydew honeys have been previously described; these have included oaklactone (oak honeydew), 14 acetic acid, 15 2,3-butanediol, 16 and borneol 17 (botanical raw material origin not specified).
The volatile fraction of Corsican honeys has been studied toward discriminating geographical origins (Corsican and non-Corsican honeys). 18, 19 Moreover, the relationships between chemical variability, pollen diversity, and physico-chemical parameters of each range of Corsican honeys (except "honeydew maquis" honey) have been established using an interdisciplinary approach. [20] [21] [22] [23] [24] Based on these previous studies, the aim of the present work was to provide an overview of the volatile composition of Corsican honeys, including blossom and honeydew honeys (in all six PDO ranges), as well as blend honeys with mixed melliferous origins (presence of nectar and honeydew contributions). The objective of this research was to purpose a new and faster approach for honey quality assessment utilizing an HS-SPME/ GC/GC-MS-based method with multivariate data analysis (PCA, CA, PLS) to certify the botanical origin of 269 Corsican samples, for which the volatile compositions were established a priori. packaged directly in a sealed pot and stored at 14°C, which was the optimal condition for avoid the degradation of samples. 25 Before analysis, the selected honeys were examined by sensory analysis to ensure the conservation process.
| Melissopalynological and physico-chemical analysis
The melissopalynological and physico-chemical analysis of the 269
Corsican honeys was carried out using the methodology previously reported. 20 These results have enabled to establish the classification of samples under the varietal ranges of AOC/PDO appellation and the certification of geographical and botanical origins. The pollen spectrum (relative frequency of taxa and pollen density) and the physicochemical parameters (coloration and electrical conductivity) of the blossom honey samples were also described in previous studies. [20] [21] [22] [23] [24] Pollen analysis allowed identification of 131 plant taxa in Corsican honeys. Their geographical origin was certified according to the 
| Volatile composition analysis
The volatile composition of samples was established using HS-SPME followed by GC-FID and GC-MS analyses. A divinylbenzene/ carboxen/polydimethylsiloxane (DVB/CAR/PDMS, 30 μm) SPME fiber was used to extract the volatile components from honey. Optimization of the SPME parameters was carried out using the methodology reported previously. [20] [21] [22] [23] [24] GC-FID and GC-MS analyses were performed using a PerkinElmer libraries. 26 The relative concentrations of components were calculated from the GC peak areas obtain by GC-FID without using correction factors. The main goal of the study was to provide a differentiation of the honey varieties using composition of HS-SPME volatile fractions. The relative percentages obtained by GC-FID are used only for comparative purposes to get patterns of volatile profiles, and do not reflect the real amounts of compounds in honey samples, since these values are obtained by SPME without any internal standardization.
Optimization of the SPME parameters was carried out with seven honey samples (two for "spring" honey rang and one for each other category) and was based on the sum of the total peak areas measured using a gas chromatography-flame ionization detection (GC-FID) system. These samples were subjected to HS-SPME in a 20 ml vial. The honey concentration in distilled water was optimized after six different experiments (0.5 g/ml, 1 g/ml, and 2 g/ml) with Na 2 SO 4 addition (1 g and 2 g). For each sample, the temperature (25°C, 50°C and 70°C), the equilibration time (30, 
where C' i is the known value, C i is the value calculated by the calibration equation, N is the number of samples, and p is the number of independent variables in the regression optimized by cross-validation.
The standard error of prediction (SEP) gives an estimation of the prediction performance during the step of validation of the calibration equation:
where M is the number of samples in the prediction set.
PLS-discriminant analysis (DA) method: PLS-DA is carried out using an exclusive binary coding scheme with one bit per class. Therefore, for each sample, the origin may be represented by a multidimensional output vector with 1 at the position corresponding to varietal origin and 0 at the other positions. During the calibration process, the PLS-DA method is trained to compute the "membership values," one for each class; the sample is then assigned to the class showing the highest membership value. 30 Six models were computed, one for each origin. Two data sets were using the calibration one and the prediction one. The data set were randomized, 50% (n = 138) of the samples were used for the calibration set and 50% (n = 134) were used on the prediction one. The performance of the calibration models was estimated from the percentage of correctly classified samples (%CC).
The %CC was estimated by the formula:
where N c is the number of correctly classified samples and N ic is the number of incorrectly classified samples. 
| Cluster analysis
The chemical data was also subjected to cluster analysis (CA) by performing R software (R Foundation-Institute for Statistics and Mathematics, Melbourne, Austria). The CA produced a dendrogram (tree) using Ward's method of hierarchical clustering, which is based on the Euclidean distance between pairs of honey samples.
| RESULTS AND DISCUSSION

| Melissopalynological characteristics of Corsican honeys
Melissopalynological analysis allows identification of the main nectariferous species and/or characteristic plant associations for each blossom honey. The pollen profiles of two honey ranges are distinguished by "over" represented taxa of C. sativa (associated essentially with Rubus sp.) and "normal" represented taxa of Erica arborea (combined with other characteristic spring nectariferous species such as Genista sp., Salix sp., Lavandula stoechas, Prunus sp., Viburnum tinus and Crataegus monogyna) for "chestnut grove" (CH01-CH50) and "spring maquis" samples (MP01-MP45), respectively. The pollen spectrum of "autumn maquis" honey (MA01-MA30) exhibited "under" represented taxa of Arbutus unedo, associated with typical autumnal species as Hedera helix, Smilax aspera and Rosmarinus officinalis. The botanical origins of "spring" are more complex with "under" represented taxa in pollen spectrum. Two groups were distinguished from the "spring" range: "spring clementine" honeys (PR01-PR18), which were characterized by the association of cultivated plants, especially
Citrus sp., Actinidia sinensis and Prunus sp., and "non-clementine"
honeys (PR19-PR41), which were dominated by spontaneous herbaceous or shrub species such as Asphodelus ramosus, Trifolium sp., Echium sp., Pistacia lentiscus and Phillyrea sp. The pollen profile of "summer maquis" honeys (ME01-ME29) could be differentiated by the combination of Anthyllis hermanniae, Rubus sp., and endemic high altitude subshrub species such asThymus herba-barona, Teucrium sp. and Genista sp.
The pollen spectrum of honeydew honey was characterized by the absence of dominant nectariferous taxon and the presence of various microorganisms such as spores, fungi, or microscopic algae, which were referred to as "honeydew indicators". Two types of honeydew honeys were reported: the "Metcalfa honeydew" (MM01-MM43), which was characterized by numerous "honeydew indicators" associated with typical plant genus (Chenopodiaceae/Amaranthaceae, Artemisia sp., Myrtus sp., Eucalyptus sp., Plantago sp. and Asparagus sp.), and "Mediterranean traditional honeydew" (MM44-MM48), which was rich in polleniferous species, especially Cistus sp. from maquis or
Quercus sp. from mixed forests and exhibited fewer "honeydew indicators" than "Metcalfa honeydew".
Finally, the pollen spectrum of blend honeys was marked by the presence of "honeydew indicators" and complex nectariferous origins (proportion and taxa association) according to harvest period, such as "chestnut grove" and/or "spring maquis" honey (contributions of C.
sativa and/or E. arborea, respectively).
| Volatile composition of Corsican honeys
HS-SPME, GC, and GC/MS analysis of the volatile fraction of 269 Corsican honeys allowed identification of 102 compounds (Table 1) .
Among these, only three components were reported in all honey samples, which exhibited a high quantitative variability according to honey range: 3-furaldehyde C10 (0.1-40.1%), benzaldehyde C21 (0.3-28.0%), and phenylacetaldehyde C29 (0.1-57.8%). Although these compounds were detected in 269 honey samples, they could not be considered markers of geographic origin because they are also present in the honeys of other geographic origins in France, Italy, and Germany. 32 The volatile composition of Corsican honeys was dominated by oxygenated compounds, which accounted for 68.7-96.5%. In the 195 blossom honeys, the major oxygenated compound class was aromatics (32.9-56.4%), except for "autumn maquis" honeys, which had isophorone derivatives (42.5%) as the major class of components.
The volatile fraction of "chestnut grove", "spring", and "summer maquis" honeys also exhibited relatively high amounts of linear constituents (30.2%, 21.8%, and 25.4%, respectively), followed by furan components (11.9%, 15.2%, and 7.7%, respectively), while the "spring maquis" honey possessed only 10.3% and 9.1% of the furan and linear compounds. Conversely, the honeydew honeys were rich in furan (29.2%) and aromatic components (21.3%), while the blend honeys were characterized by aromatic (47.7%) and furan constituents (17.9%). Finally, the volatile composition of Corsican honeys was also characterized by a low concentration of terpenes (0-6.7%). Therefore, it is noteworthy that the volatile composition of Corsican honeys differed according to their botanical origins.
| Chemometric analysis of Corsican honeys
In order to synthesize the chemical variability of Corsican honeys, PCA was performed on volatile data from 269 honeys. As shown in Figure 1 a, the first and second axes (PC1/PC2) explained 27% of the total variance. The honeydew and blend honeys were differentiated from blossom honeys based on the first Principal Component (PC1). Indeed, honeydew and blend honeys exhibited some common chemical characteristics, particularly a higher content of 3-furaldehyde C10 (24.6% and 13.9%, respectively) than blossom honeys (4.1%). The second Principal Component (PC2) allowed discrimination of three blossom honey groups: "chestnut grove", "spring" associated with "summer maquis", and "spring maquis" linked to "autumn maquis".
The origins of these samples were also determined using PLS-DA regression. Tables 2 and 3 show these results. The six varieties were discriminated and well predicted with a percent of correct classification between 99-100%, as shown in Table 2 . Classification was 100% correct for the "chestnut grove", "spring maquis", "autumn maquis" and "honeydew" honeys, and 99% for "summer maquis" and "spring" ranges, with one false sample in each category. The results for prediction of honey origin were excellent. Indeed, of the 131 samples used in the prediction set, only two were not well predicted.
| Data analysis of blossom honeys
To improve discrimination between blossom honey ranges, PCA was performed on the honeydew and blend honey samples separately. As shown in Figure 1b , PCA obtained with the first and third axes (PC1/ PC3) explained 36% of the total variance of volatile fractions from 195 blossom honeys. Thus, six groups were distinguished by the PC1 axis; the "chestnut grove" and "summer maquis" honeys were positively projected. The "chestnut grove" honey was characterized by high content of acetophenone C33 (7.0%), 2-aminoacetophenone C79 (11.4%), and some linear acids such as octanoic acid C63 (5.0%) and nonanoic acid C77 (5.9%). According to the literature, acetophenone and its derivatives (aminoacetophenones) are considered the chemical markers of chestnut honey. 33, 34 The "summer maquis" honeys were characterized by high amounts of phenylacetaldehyde C29 (33.6%) and the presence of linear acids such as butanoic acid C7 and 3-methyl butanoic acid C13, which were absent in the other honey samples.
Eleven "summer maquis" samples (ME19-ME29) exhibited a significant content of 2-aminoacetophenone C79 (7.2%), which is considered an indicator of C. sativa nectar contribution.
The "spring maquis" and "autumn maquis" were negatively projected. The "spring maquis" honey were characterized by 4-propylanisol C75 (14.7%) and p-anisaldehyde C70 (11.7%). This latter compound was considered a marker of E. arborea honeys because of its absence in honeys of other botanical origins. 35 The "autumn maquis" honeys were distinguished by their high content of isophorone derivatives (42.5%) such as isophorone C46 (34.8%) and 4-oxo-isophorone C47 (3.6%). These results were in accordance with the volatile composition of A. unedo honeys previously described; 12, 36 thus, it could be considered a chemical marker of strawberry tree nectar. The trimethylphenol isomers (31.7%) such as 2,3,4-trimethylphenol C73 (4.6%) and 3,4,5-trimethylphenol C83 (27.1%) were reported only in Corsican A. unedo honey.
The "spring" honeys were differentiated into two subgroups called "spring clementine" and "spring non-clementine" honeys. The "spring clementine" honeys were characterized by lilac aldehyde isomers (C48, (PR01-PR17) honeys, which were separated into distinctive clusters, while the "spring non-clementine" (PR18-PR41) and (CH: "chestnut grove" honey; PR: "spring" honey; ME: "summer maquis" honey; MA: "autumn maquis" honey; MP: "spring maquis" honey; MM: honeydew & blend honey). B PCA score plot (PC1/ PC3) of volatile composition of 195 Corsican blossom honeys(CH: "chestnut grove" honey; PR: "spring" honey; ME: "summer maquis" honey; MA: "autumn maquis" honey; MP: "spring maquis" honey)
"summer maquis" (ME01-ME29) honeys were classed into the same group. CH: "chestnut grove" honey; MA: "autumn maquis" honey; ME: "summer maquis" honey; MM: "honeydew maquis"; MP: "spring maquis" honey; PR: "spring" honey 
